C[rawling]{.smallcaps} over a substrate is important at some time in the life of many animal cells. This type of movement can take on a variety of forms, ranging from the rapid translocation of macrophages to the slower advance of fibroblasts ([Oliver et al. 1993](#Oliveretal1993){ref-type="bib"}; reviewed in [Stossel 1993](#Stossel1993){ref-type="bib"}). In all cases, amoeboid cell motility requires integration of three processes: extension of the leading edge, adhesion to the substratum, and retraction of the cell body (reviewed in [Mitchison and Cramer 1996](#MitchisonandCramer1996){ref-type="bib"}). In most amoeboid cells, locomotion is based on modulation of the actin cytoskeleton, but the exact mechanisms by which force is produced within the cytoskeleton and applied against substrate attachment sites to generate movement are not fully understood.

Protrusion of the leading edge of crawling cells appears to be coupled to polymerization and cross-linking of actin filaments (reviewed in [Cooper 1991](#Cooper1991){ref-type="bib"}; [Condeelis 1993](#Condeelis1993){ref-type="bib"}; [Mitchison and Cramer 1996](#MitchisonandCramer1996){ref-type="bib"}; [Zigmond 1996](#Zigmond1996){ref-type="bib"}). Evidence from related motile systems, such as comet tail formation by the intracellular bacterial pathogens (reviewed in [Cossart and Kochs 1994](#CossartandKochs1994){ref-type="bib"}; [Southwick and Purich 1994](#SouthwickandPurich1994){ref-type="bib"}; [Theriot 1995](#Theriot1995){ref-type="bib"}) and the movement of surface-attached beads on *Aplysia* neuronal growth cones ([Forscher et al. 1992](#Forscheretal1992){ref-type="bib"}; [Suter et al. 1998](#Suteretal1998){ref-type="bib"}), also suggest that localized polymerization can produce movement. Recently, Oster and colleagues have formulated intriguing hypotheses to explain the physical mechanics of these motions ([Peskin et al. 1993](#Peskinetal1993){ref-type="bib"}; [Mogilner and Oster 1996a](#MogilnerandOster1996a){ref-type="bib"},[Mogilner and Oster 1996b](#MogilnerandOster1996b){ref-type="bib"}).

In contrast to protrusion, very little is known about how the body or rear of the cell is pulled forward (reviewed in [Mitchison and Cramer 1996](#MitchisonandCramer1996){ref-type="bib"}). In theory, the force for forward movement of the cell body could be generated near the front of the cell. In this model, the force that drives protrusion near the leading edge could also produce tension in the plasma membrane or in its underlying cortical cytoskeleton, causing the cell body to be dragged forward. However, in fish epithelial keratocytes, cell body translocation can occur in the absence of extension of the leading edge ([Anderson et al. 1996](#Andersonetal1996){ref-type="bib"}). [Svitkina et al. 1997](#Svitkinaetal1997){ref-type="bib"} showed that myosin II clusters align at the cell body--lamellipodium junction in these cells and proposed that cell body translocation is driven by acto-myosin II contraction. Recent studies revealed that a similar reorganization of the acto-myosin II system is associated with polarization and locomotion of fragments of fish epithelial keratocytes ([Verkhovsky et al. 1998](#Verkhovskyetal1998){ref-type="bib"}). These observations suggest that there may be independent forces for protrusion of the leading edge and retraction of the rear of crawling cells. However, the exact mechanism by which forces are harnessed to generate movement is far from clear.

The amoeboid sperm of nematodes are simple cells that offer distinctive advantages for investigating the forces required for crawling movement. Although nematode sperm contain neither F-actin nor myosin, their locomotion is practically indistinguishable from that of conventional crawling cells (reviewed in [Theriot 1996](#Theriot1996){ref-type="bib"}; [Roberts and Stewart 1997](#RobertsandStewart1997){ref-type="bib"}). Sperm motility is driven by a novel locomotory apparatus based on filaments comprised of the 14-kD major sperm protein (MSP)^1^ (reviewed in [Roberts and Stewart 1995](#RobertsandStewart1995){ref-type="bib"}). In sperm from *Ascaris suum*, the MSP filaments are arranged into dynamic meshworks, called fiber complexes, that extend the entire length of the lamellipodium ([Sepsenwol et al. 1989](#Sepsenwoletal1989){ref-type="bib"}). The fiber complexes are readily visible by light microscopy, so the relationship of cytoskeletal dynamics to cell movement can be studied without disrupting cellular integrity. The MSP filaments polymerize and bundle into fiber complexes at the leading edge in a pattern similar to that observed in actin-based crawling cells (reviewed in [Theriot 1996](#Theriot1996){ref-type="bib"}; [Roberts and Stewart 1997](#RobertsandStewart1997){ref-type="bib"}). This aspect of sperm locomotion has been reconstituted in vitro ([Italiano et al. 1996](#Italianoetal1996){ref-type="bib"}), whereby inside-out vesicles derived from the plasma membrane at the leading edge induce ATP-dependent assembly of discrete filament meshworks, or fibers. Growth of these fibers, which are similar to the fiber complexes observed in crawling sperm, is due to filament polymerization at the membrane vesicle and results in vesicle translocation. Thus, localized polymerization and cross-linking of filaments can be harnessed to produce motion.

The *Ascaris* sperm in vitro motility system has given insights into the role of MSP polymerization in membrane protrusion, but has left open the question of how the cell body is pulled forward during locomotion of the intact cell. Structural studies have shown that MSP filaments have no overall polarity ([Bullock et al. 1998](#Bullocketal1998){ref-type="bib"}) and so it is unlikely that molecular motor proteins, which depend on the polarity of their associated polymer to operate, contribute to cell body retraction in nematode sperm. In this study, we used different pH buffers to uncouple leading edge protrusion from cell body retraction, and thereby demonstrate that cytoskeletal depolymerization is coupled to forward movement of the cell body. Thus, sperm locomotion depends on the integration of two independent forces associated with cytoskeletal assembly and disassembly at opposite ends of the lamellipodium.

Materials and Methods
=====================

Sperm Isolation and Activation
------------------------------

Males of *Ascaris suum* were collected from the intestines of infected hogs at the Lowell Packing Company. Worms were transported to the laboratory in phosphate-buffered saline containing 10 mM NaHCO~3~, pH 7, at 37°C, and maintained in this buffer for up to 1 d. Spermatids were isolated by draining the contents of the seminal vesicle into HKB buffer (50 mM Hepes, 65 mM KCl, and 10 mM NaHCO~3~, pH 7.1). The spherical spermatids were then treated with vas deferens extract, prepared according to [Sepsenwol et al. 1986](#Sepsenwoletal1986){ref-type="bib"}, to initiate lamellipodium formation and completion of development into motile spermatozoa.

Examination of Sperm by Light Microscopy
----------------------------------------

Activated sperm were pipetted into chambers formed by mounting a 24 × 60-mm glass coverslip onto a glass slide with two strips of hematoseal tube sealant. All glassware was washed in ethanol before use. Sperm were examined under a 100× differential interference contrast (DIC) oil immersion Zeiss plan/neofluar objective (1.3 N.A.) on a Zeiss Axiovert 35 microscope. Preparations were maintained at 37°C using an airstream incubator (Nicholson Precision Instruments). When desired, the solution bathing the cells was changed by pipetting 5--7 chamber volumes (1 chamber volume = 350--400 μl) of the new solution at one side of the chamber, using a tissue wick to draw the fluid into the chamber.

Image Acquisition and Analysis
------------------------------

All images of cells were obtained using a charged-coupled device (CCD) camera (Model TI-24A; Nippon Electronics Corp.), digitized, and processed by background subtraction and contrast enhancement using Image-1AT software and hardware (Universal Imaging), and recorded on a super VHS VCR (JVC Model HR-S5200U). Video images were imported into Adobe Photoshop, processed, and printed on a Codonics printer. Rates of cell movement and related parameters were measured using Image 1AT subroutines.

Results
=======

MSP Cytoskeleton Dynamics in Crawling and Stationary Ascaris Sperm
------------------------------------------------------------------

The dynamics of the cytoskeleton of *Ascaris* sperm can be observed directly in crawling cells using DIC microscopy and indicate that both MSP assembly and disassembly are important in their amoeboid motility. The MSP-based cytoskeleton in these cells form fiber complexes, each comprised of a meshwork of MSP filaments, that can be observed in living cells ([Fig. 1](#F1){ref-type="fig"}; see also [Sepsenwol et al. 1989](#Sepsenwoletal1989){ref-type="bib"}; [Roberts and King 1991](#RobertsandKing1991){ref-type="bib"}). Distinctive features, such as branches in the fiber complexes, can be followed and show that the cytoskeleton treadmills as sperm locomote (see [Sepsenwol et al. 1989](#Sepsenwoletal1989){ref-type="bib"}; [Roberts and King 1991](#RobertsandKing1991){ref-type="bib"}). When sperm crawl, filaments assemble into fiber complexes along the leading edge and flow retrograde to the base of the lamellipodium, where they disassemble. The rates of cytoskeletal assembly and disassembly are balanced and are coupled to the pace of locomotion. Thus, as illustrated by analysis of morphological markers in the cell shown in [Fig. 1](#F1){ref-type="fig"}, the lamellipodium maintains its shape over time while the cytoskeleton flows rearward with respect to the cell, but does not move, or moves very slowly, with respect to the substrate. This pattern of lamellipodial dynamics has also been measured by computer-assisted microscopy ([Royal et al. 1995](#Royaletal1995){ref-type="bib"}). For example, difference pictures comparing the shape of the lamellipodium of crawling sperm at two-second intervals showed that the area of the zone of expansion at the leading margin was similar to the area lost due to retraction at the base of the lamellipodium. This study also showed that the average instantaneous velocity of sperm crawling on glass was 30 μm/min, but that the cells surged forward about every 0.35 min, increasing their velocity by an average of 47%. The cells maintained their lamellipodial shape during these surges, indicating that cytoskeletal assembly and disassembly remain balanced even when crawling speed changes ([Royal et al. 1995](#Royaletal1995){ref-type="bib"}).

The behavior of crawling sperm that have become tethered to the glass substrate at their cell body ([Fig. 2](#F2){ref-type="fig"}) indicated that lamellipodial extension is not sufficient for cell locomotion. In these cells, the lamellipodium continued to exert force against the cell body sufficient to distort its shape from hemispherical to elongate, but there was no stretching of the lamellipodium ([Fig. 2](#F2){ref-type="fig"}). In tethered cells, the leading edge underwent cycles of extension and retraction with no net advance, and yet cytoskeletal flow continued. In some cells, the lamellipodium lost its attachment and the entire cell was pulled toward the tether site. Others, like the sperm shown in [Fig. 2](#F2){ref-type="fig"}, broke the tether, after which the cell body recoiled toward the lamellipodium and regained its hemispherical shape as protrusion of the leading edge and locomotion resumed. By contrast, there was no shortening of the lamellipodium when the cell body recoiled. These observations show that the cell body does not follow passively behind the motile lamellipodium but, instead, that tension within the cytoskeleton pulls the cell body forward. Moreover, the force pulling against the cell body appears to be generated at the base of the lamellipodium. If that tension was produced at the leading edge by the force that drives protrusion, then the entire cell would stretch when tethered at the rear and recoil when the tether was broken.

Cytoskeleton Polymerization and Depolymerization Can Be Uncoupled by Manipulating Intracellular pH
--------------------------------------------------------------------------------------------------

To probe the mechanism of cell body retraction and its role in sperm locomotion, we used pH to uncouple the cytoskeletal assembly and disassembly that occur at opposite ends of the lamellipodium. The MSP cytoskeleton is sensitive to intracellular pH ([Roberts and King 1991](#RobertsandKing1991){ref-type="bib"}; [King et al. 1994](#Kingetal1994){ref-type="bib"}). We found that treating sperm with HKB buffer containing 20 mM sodium acetate (HKB-acetate*)* at different pH values caused cytoskeletal assembly and protrusion of the leading edge to either slow dramatically or stop entirely, while cytoskeletal disassembly and retraction of the cell body continued unaltered. The cell shown in [Fig. 3](#F3){ref-type="fig"}, for example, was crawling at 15 μm/min until it was perfused with HKB-acetate, pH 6.75. This treatment caused protrusion of the leading edge to slow to \<3 μm/min. However, retraction of the cell body continued at 15 μm/min for a further 30 s, then stopped. This continuing retraction of the cell body appeared to be correlated with localized disassembly of the fiber complexes near the cell body because the distance between the cell body--lamellipodium junction and distinctive morphological features of the fiber complexes decreased as the cell body moved forward. Moreover, the cell body appeared to move forward due to shortening of the lamellipodium rather than rolling forward over the rear of the lamellipodium. If the cell body was rolling, the organelles within it should also roll, but this was not observed. Instead, the organelles maintained their position in the cell body as it retracted ([Fig. 3](#F3){ref-type="fig"}).

Perfusing moving cells with HKB-acetate buffer at pH 6.35 for 5--10 s stopped both lamellipodial protrusion and cell body retraction and also arrested filament assembly at the leading edge ([Fig. 4](#F4){ref-type="fig"}). However, in these cells the fiber complexes of the cytoskeleton continued to disassemble at the base of the lamellipodium. Remarkably, the tips of the fiber complexes pulled away from the plasma membrane at the leading edge of the lamellipodium and the entire array of fiber complexes then progressed retrograde in concert towards the cell body. As this process continued, the fiber complexes became progressively shorter and the gap between their tips and the leading margin of the lamellipodium widened, so that after 30--60 s, the cytoskeleton was disassembled completely. The rate at which fiber complexes moved rearward ranged from 10--28 μm/min (mean, 18 ± 6 μm/min; *n* = 11). In general, the rate at which the fiber complexes receded was similar to the rate of forward movement of the cell body before acid treatment. Inspection of the morphology of the cytoskeleton during this retrograde recession allowed us to establish the site of fiber complex disassembly during HKB-acetate buffer treatment. Thus, if cytoskeletal disassembly was due primarily to filament depolymerization throughout the fiber complexes, we would have expected to observe changes in the morphology and optical density of fiber complexes. However, neither property changed markedly. Instead, characteristic features such as branches in the receding fiber complexes moved rearward and remained visible until they reached the site of disassembly at the base of the lamellipodium. Moreover, the optical density of the fiber complexes remained essentially constant as they receded.

Cytoskeletal Polymerization and Depolymerization Are both Required for Locomotion
---------------------------------------------------------------------------------

Treatment of sperm with HKB-acetate at pH 5.5 caused the entire MSP cytoskeleton to disassemble rapidly and the lamellipodium to round up ([Fig. 5](#F5){ref-type="fig"}; see also [Roberts and King 1991](#RobertsandKing1991){ref-type="bib"}). This effect was completely reversible. The pattern by which the cytoskeleton was rebuilt and locomotion resumed showed that cytoskeletal assembly and disassembly produce independent forces and that both are required for locomotion. When cells treated with pH 5.5 buffer ([Fig. 5](#F5){ref-type="fig"}, a and b) were washed with HKB buffer without acetate, fiber complexes began to form around the periphery of the lamellipodium ([Fig. 5](#F5){ref-type="fig"} c). This localized assembly resulted in formation of protrusions from the cell surface, but the cell body remained stationary. As these new fiber complexes continued to elongate, those emanating from the side of the lamellipodium reached the cell body and began depolymerization and treadmilling. In the cell shown in [Fig. 5](#F5){ref-type="fig"}, the fiber complexes on the right side of the lamellipodium reached the cell body before those from the other side. When these fiber complexes began to treadmill, the cell body was pulled to that side ([Fig. 5](#F5){ref-type="fig"} d). Soon, additional fiber complexes growing from the right side of the lamellipodium reached the cell body and the entire cell began to move to the right before the fiber complexes from the other side were completely rebuilt ([Fig. 5](#F5){ref-type="fig"} e). This asymmetry in cytoskeletal reconstruction, with treadmilling resuming earlier on one side of the lamellipodium than the other, resulted in a 60° change in the direction of locomotion, compared with that observed before acid treatment. The behavior of this unusual cell emphasized that movement, first of the cell body and then the whole cell, was determined by the location where cytoskeletal depolymerization resumed along the cell body--lamellipodium junction. In most cells recovering from this acid treatment, cytoskeletal reconstruction was symmetric and the directions of movement before and after treatment were similar. In each, however, movement of the cell body did not occur until the onset of depolymerization of the reconstructed fiber complexes.

Phenylarsine Oxide Inhibits both Polymerization and Depolymerization and Blocks Locomotion
------------------------------------------------------------------------------------------

Manipulation of intracellular pH allowed us to uncouple cytoskeletal assembly from disassembly and thereby examine the separate roles of these processes in locomotion. We sought to determine if other factors are involved in locomotion by identifying a method for keeping the cytoskeleton intact, but blocking both polymerization and depolymerization. Previously, we had shown that antiphosphotyrosine antibodies stained the leading edge of the pseudopod preferentially ([Italiano et al. 1996](#Italianoetal1996){ref-type="bib"}) and so we treated sperm with 30 μM phenylarsine oxide (PAO), a protein tyrosine phosphatase inhibitor. In PAO-treated cells, the fiber complexes remained clearly visible, but we were unable to detect either cytoskeletal flow or locomotion ([Fig. 6](#F6){ref-type="fig"}). However, the effect of the drug was completely reversible; cytoskeletal treadmilling and locomotion resumed within 10 s after washing the cells with a PAO antagonist, dimercaptopropanol, at 5 mM in HKB buffer. Thus, without the forces associated with cytoskeletal polymerization and depolymerization, sperm exhibit no detectable motility.

Discussion
==========

*Ascaris* sperm offer a powerful experimental system for assessing the roles of cytoskeletal polymerization and depolymerization in amoeboid cell motility because their cytoskeletal dynamics can be observed directly using DIC microscopy. When the cells crawl, MSP polymerization and depolymerization take place simultaneously and at the same rate, but at separate locations: polymerization is localized primarily to the leading edge of the lamellipodium, whereas depolymerization takes place primarily at its base adjacent to the cell body. Previously, we demonstrated that local polymerization and bundling of MSP filaments can move membranes ([Italiano et al. 1996](#Italianoetal1996){ref-type="bib"}). In sperm, as in actin-based cells (reviewed in [Mitchison and Cramer 1996](#MitchisonandCramer1996){ref-type="bib"}), this polymerization-derived force appears to mediate protrusion of the leading edge. By using pH to uncouple lamellipodial extension from cell body retraction, we have demonstrated here that tension associated with cytoskeletal disassembly pulls the cell body forward and that this force is required for locomotion.

The deformation of sperm that become tethered to the substrate during locomotion ([Fig. 2](#F2){ref-type="fig"}) indicated that the cell body was pulled forward by tension generated within the cytoskeleton itself. Polymerization of MSP at the leading edge is unlikely to be the source of this force directly because by pushing against the membrane, the fiber complexes would be placed under compression rather than tension. In principle, pushing the elongating fiber complexes against the leading edge could generate sufficient tension in the plasma membrane or cortical cytoskeleton to drag the cell body forward. However, if this were the case, the tension should cause the entire cell to stretch, not just the cell body. We also would have expected to observe movement of the cell body in cells recovering from treatment at pH 5.5 when polymerization was occurring, but depolymerization was not. Crucially, neither membrane nor cortical cytoskeletal tension can account for the rearward movement of the detached fiber complexes observed at pH 6.35 ([Fig. 4](#F4){ref-type="fig"}). Therefore, our results indicate that cell body retraction is mediated directly by tension in the cytoskeleton rather than by an indirect mechanism, such as release of tension in the cortical cytoskeleton or the plasma membrane at a rate controlled by fiber complex depolymerization. The results obtained by varying pH showed that this cytoskeletal tension was still produced when polymerization, and thus protrusion, was inhibited, but cytoskeletal depolymerization was not. Thus, the force that generates the tension in the cytoskeleton to pull the cell body forward must be produced by another mechanism than that used to push the leading edge forward. It may seem paradoxical to propose that the cytoskeleton is simultaneously under tension and compression, with polymerization-induced compression in the cytoskeleton pushing the leading edge forward while tension in the distal portion pulls the cell body. However, these two processes are separated spatially and, because the fiber complexes are coupled to the substrate through adhesions under the lamellipodium, they are also separated mechanically. Thus, these contacts can adsorb the opposing forces, thereby allowing the extension of the leading edge and retraction of the cell body to occur simultaneously.

Our observations indicate that tension in the sperm cytoskeleton is generated locally at the base of the lamellipodium next to the cell body. The behavior of tethered sperm is consistent with this interpretation, as is the difference in the effects of treatment of sperm with pH 6.75 and 6.35 buffers. At the higher pH, polymerization and lamellipodial extension were greatly reduced, but depolymerization at the base of the lamellipodium continued and the cell body was pulled forward as the fiber complexes shortened ([Fig. 3](#F3){ref-type="fig"}). At pH 6.35, the cytoskeleton detached from the plasma membrane and under these conditions, rather than the cell body moving forward, the cytoskeleton was pulled rearward ([Fig. 4](#F4){ref-type="fig"}). Thus, in both cases, movement was toward the base of the lamellipodium, indicating that this is where tension is generated.

The motile behavior of cells recovering from treatment at pH 5.5 shows that the cytoskeletal tension associated with depolymerization is required for sperm locomotion. During recovery, polymerization and depolymerization were uncoupled until the newly assembled fiber complexes reached the cell body. During this stage, when polymerization was active but depolymerization was inactive, the cell was capable only of protrusion. However, when depolymerization began at the base of the lamellipodium the cell body started to move. As shown in [Fig. 5](#F5){ref-type="fig"}, this movement required depolymerization of only a few fiber complexes and their position determined the direction of cell body movement.

The involvement of a force specific for retraction has also been demonstrated in actin-based crawling cells, although, in these cells, there is not the direct link between retrograde flow and retraction seen in *Ascaris* sperm. For example, in *Aplysia* neuronal growth cones, treatment with cytochalasin D stops actin assembly along the leading margin, but the existing actin cytoskeleton continues to flow rearward as it is disassembled at the base of the growth cone ([Forscher and Smith 1988](#ForscherandSmith1988){ref-type="bib"}). The behavior of the actin cytoskeleton in growth cones treated in this way parallels the recession of the MSP cytoskeleton in sperm incubated in pH 6.35 buffer. In fish epithelial keratocytes, forward movement of the cell body can be uncoupled from protrusion of the leading edge by treatment with cytochalasin B, demonstrating that forward movement of the cell body is not directly dependent on polymerization at the leading edge ([Anderson et al. 1996](#Andersonetal1996){ref-type="bib"}). Thus, these cells exhibit the same pattern of cell body retraction as *Ascaris* sperm treated with pH 6.75 buffer.

The force that generates tension in the MSP cytoskeleton and the forward movement of the cell body could, in principle, be produced at the cell body either by a motor-driven contraction followed by depolymerization or alternatively by the depolymerization of the fiber complexes themselves. In actin-based cells, the force mediating retraction has been thought to involve primarily an actomyosin-based contraction (Lin and Forscher, 1996; [Lin et al. 1996](#Linetal1996){ref-type="bib"}; [Svitkina et al. 1997](#Svitkinaetal1997){ref-type="bib"}; [Verkhovsky et al. 1998](#Verkhovskyetal1998){ref-type="bib"}; [Oliver et al. 1999](#Oliveretal1999){ref-type="bib"}; reviewed in [Cramer 1997](#Cramer1997){ref-type="bib"}). Although the morphological data we have presented here do not allow us to exclude completely the possibility that a contractile mechanism produces cell body retraction in *Ascaris* sperm, no MSP-based motor protein has been identified and we argue, based on several lines of evidence, that the tension in the MSP cytoskeleton that drags the cell body forward is more likely generated by local depolymerization than by molecular motors. In addition to the coupling of cell body retraction to localized cytoskeletal disassembly that occurs in crawling sperm, retraction (or its equivalent) is correlated both spatially and temporally with depolymerization under several different conditions, including selective stretching of the cell body in tethered sperm ([Fig. 2](#F2){ref-type="fig"}), retraction of the cell body in concert with the depolymerizing fiber complexes in cells treated with pH 6.75 buffer ([Fig. 3](#F3){ref-type="fig"}), recession of the entire cytoskeleton toward the site of depolymerization in pH 6.35 treated sperm ([Fig. 4](#F4){ref-type="fig"}), and simultaneous resumption of retraction and fiber complex disassembly in cells recovering from HKB-acetate at pH 5.5 ([Fig. 5](#F5){ref-type="fig"}). Conversely, when cytoskeletal depolymerization was blocked by PAO treatment ([Fig. 6](#F6){ref-type="fig"}), retraction was also inhibited, although the cytoskeleton remained intact to support any contractile activity. Moreover, in addition to the failure to identify any MSP-based motor proteins, structural studies ([Bullock et al. 1998](#Bullocketal1998){ref-type="bib"}) have shown that the helices from which the filaments of the MSP cytoskeleton are constructed lack the structural polarity, characteristic of actin filaments and microtubules, that allows motor proteins to function.

Depolymerization-associated tension in the MSP cytoskeleton may be analogous to the tension generated by microtubule depolymerization ([Lombillo et al. 1993](#Lombilloetal1993){ref-type="bib"}; [Koshland et al. 1988](#Koshlandetal1988){ref-type="bib"}). For example, depolymerization of kinetochore microtubules at the kinetochore is associated with anaphase chromosome movement ([Desai and Mitchison 1995](#DesaiandMitchison1995){ref-type="bib"}; reviewed by [Inoue and Salmon 1995](#InoueandSalmon1995){ref-type="bib"}), and depolymerization of the plus-end of cytoplasmic microtubules has been shown to be able to move both membranes and vesicles in *Xenopus laevis* egg extracts ([Waterman-Storer et al. 1995](#Waterman-Storeretal1995){ref-type="bib"}). In the case of anaphase chromosome movement, microtubule depolymerization is thought to be coupled mechanically to the kinetochore through the binding of proteins of the kinesin family to the microtubule ([Lombillo et al. 1995](#Lombilloetal1995){ref-type="bib"}). However, these proteins are thought to function primarily to hold the microtubule (and so couple its length change mechanically to the kinetochore) rather than move the microtubule directly. Although we have not been able to identify an MSP-binding protein that could couple MSP depolymerization to the cell body in an analogous manner, such a mechanism would not be inconsistent with the apparent lack of polarity of MSP filaments ([Bullock et al. 1998](#Bullocketal1998){ref-type="bib"}) because simply holding, rather than moving, does not require filament polarity a priori. Alternatively, it could be that depolymerization of the MSP-based cytoskeleton gel in the vicinity of the cell body generates contraction ([Mogilner and Oster 1996a](#MogilnerandOster1996a){ref-type="bib"}). Clearly, further work at the molecular level will be needed to distinguish between these possibilities. However, although the results obtained with *Ascaris* sperm do not rule out a contribution by motor proteins to retraction in actin-based amoeboid motility, they do show that it would, in principle, be possible both to extend the lamellipodium and retract the cell body by modulating the polymerization state of the cytoskeleton alone and certainly raise the possibility that such a mechanism may contribute to locomotion in at least some of these systems.
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![MSP cytoskeletal dynamics in crawling *Ascaris* sperm. The long branched elements that extend from the leading edge to the base of the lamellipodium are the fiber complexes, each a dense meshwork of MSP filaments. The cytoskeleton flows retrograde as the fiber complexes are assembled at the leading edge and disassembled at the cell body. Because the rates of cytoskeletal flow and locomotion are coupled, morphological markers in the cytoskeleton, such as the branch in the fiber complex indicated by the arrowhead, remain nearly stationary relative to the substrate. The fields of view are identical in each frame and the interval between frames is 10 s. Over the 30-s interval from a--d, both the leading edge and the cell body advanced by 6.5 μm while the lamellipodium maintained a length of 25 μm. This illustrates the balance between the rates of cytoskeletal assembly/leading edge protrusion and cytoskeletal disassembly/cell body retraction during sperm locomotion. Bar, 10 μm.](JCB9902044.f1){#F1}

![Escape of a tethered sperm. This sequence of images, taken 6 s apart, shows the locomotory behavior of a sperm as it breaks an abnormal attachment that has tethered the trailing margin of its cell body to the glass substrate. When the cell is tethered, force produced in the cytoskeleton causes the cell body to stretch, distorting its shape, but the shape of the lamellipodium is unaffected (a). When this abnormal attachment is broken (b) the cell body recoils to its normal hemispherical shape and the cell resumes locomotion (b--d). The lamellipodium maintained its shape throughout this process and, in fact, lengthened slightly as the cell crawled away. Bar, 10 μm.](JCB9902044.f2){#F2}

![Treatment of sperm with acetate buffer, pH 6.75, uncouples protrusion from retraction. The positions of the cell body and the leading edge, when the cell was perfused with acetate buffer (a), are outlined in white in a--d. During this sequence (elapsed time, 30 s) part of the leading edge protruded slowly (3 μm/min; b--d) while an adjacent portion, toward the top of the frame (c), retracted slightly. Thus, treatment with acetate buffer slowed cytoskeletal assembly dramatically. However, cytoskeletal disassembly was not inhibited and so the lamellipodium and the fiber complexes within shortened and the cell body continued to move forward at 15 μm/min. The black arrow indicates a kink in a fiber complex that moved rearward with respect to the leading edge during the sequence. This indicates that cytoskeletal treadmilling persists even when the rate of protrusion slowed. Note that the distance between the cell body and this kink decreases throughout the sequence, due to continued disassembly at the base of the lamellipodium. The white arrows indicate refringent spots that maintained their position in the cell body during retraction. This shows that the cell body moves forward without rolling. Interval between frames, 10 s. Bar, 10 μm.](JCB9902044.f3){#F3}

![Treatment of sperm with acetate buffer, pH 6.35, causes the cytoskeleton to release from the membrane at the leading edge and recede as disassembly continues at the base of the lamellipodium. Numerals indicate elapsed time in seconds after perfusion with acetate buffer. The black arrowhead indicates the forward margin of the cytoskeleton in each frame. Disassembly occurred primarily at the base of the lamellipodium so that the tips of the fiber complexes (white arrowhead), initially in the surface protrusions along the leading edge, remained clearly visible as the cytoskeleton receded and the gap between the cytoskeleton and the leading edge widened (b--e). The black arrow indicates a branch in a fiber complex that moved progressively rearward toward the site of cytoskeletal disassembly (a--d) until it reached the base of the lamellipodium and disappeared as this part of the cytoskeleton depolymerized. The way in which the cytoskeleton moved, with the fiber complexes maintaining their shape as they shortened, showed that the rearward movement was due to local depolymerization of MSP near the cell body, rather than general depolymerization along the length of the cytoskeleton. Bar, 10 μm.](JCB9902044.f4){#F4}

![The pattern of recovery of locomotion after treatment with HKB-acetate, pH 5.5, shows that cytoskeletal depolymerization at the base of the lamellipodium is required for movement of the cell body. In this sequence, a cell, moving in the direction indicated by the black arrow in a, was perfused with pH 5.5 buffer to cause its cytoskeleton to disassemble (b). The white arrow indicates a stationary mark on the substrate. When the cell was washed with HKB buffer, MSP fiber complexes began to reassemble along the periphery of the lamellipodium, causing membrane protrusion (c, arrows). Within 15 s (d) fiber complexes regrowing from the right side of the lamellipodium reached the cell body and started to treadmill (solid black arrows); as indicated by the change in position relative to the stationary mark, the cell body moved in the direction of these treadmilling fiber complexes. At this point, there was still a gap between the fiber complexes growing from the left side and the cell body (open arrow). 15 s later (e), more of the fiber complexes on the right side were fully rebuilt (solid arrows), and treadmilling and movement of the cell body toward that side continued. By 60 s after washing, the cell locomotion resumed (f) in a new direction (bold black arrow) corresponding to the direction of recovery of cell body movement. Note that due to the movement of the cell, the position of the frame in f differs from that in a--e. Bar, 10 μm.](JCB9902044.f5){#F5}

![Inhibition of polymerization and depolymerization with PAO completely stops motility. a and b, A crawling sperm before and 15 s after treatment with 30 μM PAO. After 3 min in PAO (c), there was no movement of the cell or treadmilling of its cytoskeleton. For example, the arrows in b and c indicate a bend in a fiber complex that did not change position while the cell was incubated in PAO. However, within 15 s after washing the cell with HKB containing 5 mM dimercaptopropanol (a PAO antagonist), locomotion and cytoskeletal treadmilling resumed (d). Bar, 10 μm.](JCB9902044.f6){#F6}
